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SEMIANNUAL PROGRESS REPORT NO. 6 
ON 
MICROWAVE DEVICE INVESTIGATIONS 
1. General In t roduc t ion  
- 
(G. I.  adda ad) 
The purpose of t h i s  program is t o  i n v e s t i g a t e  ma te r i a l s ,  devices  and 
novel  schemes f o r  genera t ion ,  a m p l i f i c a t i o n  and d e t e c t i o n  of  millimeter-wave 
energy. Seve ra l  t a s k s  a r e  p r e s e n t l y  a c t i v e  under t h i s  program and t h e  s t a t u s  
of each one is  descr ibed  i n  t h e  fo l lowing  s e c t i o n s  of t h i s  r e p o r t .  Considerable 
progress  has  been made i n  t h e  var ious  t a s k s  and s e v e r a l  pub l i ca t ions  a r e  
p r e s e n t l y  be ing  prepared. The t a s k s  which were a c t i v e  dur ing  t h i s  r e p o r t  
pe r iod  a re :  
1. The s tudy  of cyc lo t ron  harmonic i n s t a b i l i t i e s .  
2 ,  Paramagnetic ma te r i a l s  f o r  mi l l imeter -  and submillimeter-wave 
d e t e c t i o n .  
3. Bulk semiconductor ma te r i a l s  f o r  mi l l imeter -  and submillimeter-wave 
d e t e c t  ion. 
4. M i  l l imeter-wave Gunn-ef f e c t  devices .  
5. Avalanche -diode o s c i l l a t o r  ana lys i s .  
2. Beam-Plasma I n t e r a c t  ions 
- - 
Superv isor :  3. J. Lomax 
S t a f f :  J. D. Gil landers  
2 . 1  - In t roduct ion .  The presence of ga in  o r  of an  i n s t a b i l i t y  i n  a  
beam-plasma i n t e r a c t i o n  can be determined by examining t h e  d i spe r s ion  equat ion  
of t h e  i n t e r a c t i o n .  S impl i f i ed  t h e o r i e s  which ignore c o l l i s i o n s ,  f i n i t e  
temperature e f f e c t s  and some o r  a l l  of tk boundary condi t ions  p r e d i c t  ga in  
and i n s t a b i l i t i e s  much s t ronge r  than  a r e  observed experimental ly .  I n  t h e  
s imples t  ca ses  i n f i n i t e  ga ins  a r e  p red ic t ed .  However, when t h e  above f a c t o r s  
a r e  not  ignored, t h e  d i spe r s ion  r e l a t i o n  becomes much more complicated. 
Therefore,  a  very e f f i c i e n t  method i s  needed t o  so lve  t h e  equat ion  i f  
information about t h e  i n t e r a c t i o n s  i s  t o  be obtained i n  a  reasonable  amount 
of computation t ime.  A new approach t o  t h i s  problem has been ou t l i ned  i n  
previous r e p o r t s .  
2 .2  - Conclusions. The work on t h i s  t o p i c  has been completed and a  
t e c h n i c a l  r e p o r t  desc r ib ing  t h e  r e s u l t s  is c u r r e n t l y  being prepared. This  should 
be completed i n  t h e  near f u t u r e .  The work on t h i s  phase of t h e  program w i l l  
be te rmina ted  a f t e r  t h e  t e c h n i c a l  r e p o r t  i s  completed. This r e p o r t  w i l l  a l s o  
be M r .  Gi l landerS1 Ph.D. d i s s e r t a t i o n .  
The Study of Cyclotron Harmonic I n s t a b i l i t i e s  2. - -
Superv isor :  W. D. Get ty 
S t a f f :  A .  Singh 
3.1 In t roduc t ion ,  The ob jec t ive  of t h i s  phase of t he  p r o j e c t  i s  t h e  
-
study of cyc lo t ron  harmonic i n s t a b i l i t i e s  i n  plasmas wi th  a n i s o t r o p i c  
v e l o c i t y  d i s t r i b u t i o n s .  
3 .2 Ve loc i ty  D i s t r i b u t i o n  Measurements and Computations. The 
- -
experimental  work on t h e  corkscrew device  t o  be used i n  c r e a t i n g  t h e  r e q u i r e d  
v e l o c i t y  d i s t r i b u t i o n s  has been completed. Some t y p i c a l  r e s u l t s  of such 
experiments were r epo r t ed  i n  t h e  l a s t  semiannual progress  r e p o r t  i n  t h e  form 
of v e l o c i t y  ana lyzer  c u r r e n t  vs.  r e t a r d i n g  e l ec t rode  p o t e n t i a l  p l o t s .  From 
such p l o t s  it is  p o s s i b l e  t o  cons t ruc t  a  v e l o c i t y  d i s t r i b u t i o n  func t ion  f o r  
t h e  beam and t o  e s t ima te  v e l o c i t y  spreads .  
It can be shown t h a t  t h e  z -ve loc i ty  d i s t r i b u t i o n  of t he  beam is g iven  by 
where A = a constant ,  
I - the  analyzer  c o l l e c t o r  current  and 
VR 
= t he  r e t a rd ing  e lec t rode  p o t e n t i a l  measured with r e spec t  t o  t h e  
cathode. 
A t y p i c a l  p l o t  of f (vZ) vs. v obtained from experimental da ta  i s  
z 
shown i n  Fig. 3 , l .  I n  obtaining da ta  f o r  t h i s  curve t h e  a x i a l  magnetic f i e l d  
B was adjus ted  t o  give a sharp cutoff  of the  beam analyzer  c o l l e c t o r  cu r ren t ,  
0 
S l i g h t  misadjustment of the  value of Bo causes severe ve loc i ty  spreads. 
These conclusions have been confirmed by s tud ies  on an analog computer 
( ~ p p l i e d  Dynamics 2 - 6 4 ~ ~  hybrid analog computer). Figures 3.2 and 3.3 show 
some of the  r e s u l t s  obtained from such s tud ies .  Assumptions made i n  modeling 
the  equations of motion on the  analog device a r e  t h e  same as  those made by 
Wingerson e t  al . '  Each curve i n  Fig. 3.2 shows the  v a r i a t i o n  of v /v vs.  l o  
Z/L f o r  a spec i f i ed  input phase angle Xo. The angle Xo i s  the  angular pos i t ion  
of the  p a r t i c l e  measured with r e spec t  t o  the  d i r e c t i o n  of the  maximum of the  
r a d i a l  magnetic f i e l d .  A l l  t he  other  parameters ( B ~ ,  vo, corkscrew cur ren t )  
a r e  he ld  a t  t h e i r  design values. It can be seen from Fig. 3.2 t h a t  a l a r g e  
spread i n  v L/vo i s  obtained a t  z = L. 
Figure 3.3 shows t h e  e f f e c t  of v a r i a t i o n  of t h e  a x i a l  magnetic f i e l d  
on compression of the  ve loc i ty  spread. Each curve por t rays  t h e  v a r i a t i o n  
of vI/vo VS.  Z/L f o r  two e lec t rons  launched a t  two widely d i f f e r e n t  phase 
angles a t  t h e  input  t o  the  corkscrew. The curves 1 and 2 a r e  f o r  the  case 
when the  magnetic f i e l d  Bo i s  s e t  equal  t o  the  design value. Their t r ansverse  
v e l o c i t i e s  a t  the  output of the  corkscrew a re  seen t o  be i n  the  r a t i o  of 1 ~ 2 .  
1.. Wingerson, R .  C., Dupree, T. H. and Rose, D .  J., "Trapping and Loss of 
Charged P a r t i c l e s  i n  a Perturbed Magnetic Field,  I '  . Fluids,  vol.  7, 
No. gp  pp, 1475-1484, September 1964. -
FIG. j. 1 f (vZ) VS. vz a,t BO = 190 G, v0 = 576 v AND 
CORKSCREW CURRENT = 19 A. 

(1) BZ = Bo; Xo = 0 DEGREES 
( 2 )  BZ = Bo; Xo = 72 DEGREES 
(3) BZ = 0.96 Bo; X = 0 DEGREES 
0 
(4) BZ = 0.96 Bo; Xo = 72 DEGREES 
FIG.  3.3 EFFECT OF VflRIATION OF AXIAL MAGNETIC FIELD STRENGTH ON 
VELOCITY SF'READ. ( B ~  I S  THE DESIGN VALUE OF THE AXIAL 
FIELD STRENGTH AND Xo IS THE INPUT PHASE ANGLE OF THE 
PARTICrn . ) 
The curves 3 and 4 show the  behavior of the  same two elect-rons when t h e  
a x i a l  magnetic f i e l d  i s  reduced by 4 percent  from i t s  design value. En t h i s  
case the  t ransverse  v e l o c i t i e s  of the  two p a r t i c l e s  a re  seen t o  be i n  t h e  
r a t i o  of 1:l. 14. This e f f e c t  appears as  a tuning e f f e c t  i n  the experiment, 
where it i s  found t h a t  changes of only a few percent i n  the  corkscrew current  
c m s e  a sharpening of the  ve loc i ty  d i s t r i b u t i o n .  
The experimental se tup  f o r  the  study of cyclotron harmonic waves has 
been f a b r i c a t e d  and i n s t a l l e d  i n  t h e  vacuum system. A b r i e f  sketch of t h e  
apparatus i s  given i n  Fig. 3.4. An e lec t ron  beam produced by t h e  e l e c t r o n  gun 
(A) i s  passed through the  corkscrew device (B) which w i l l  convert 0 .7  of i t s  
a x i a l  ve loc i ty  i n t o  t ransverse  ve loci ty ,  The beam is then passed through a 
s p l i t - r i n g  microwave coupler (c) and i s  allowed t o  d r i f t  through a s l o t t e d  
meta l l i c  cyl inder  (D) , Three t r ave l ing  probes (P ,P ,P ) spaced 120 degrees 
3 . 2 3  
apar t  around t h e  circumference of D a re  used t o  study the  d ispers ion  
c h a r a c t e r i s t i c s  of the  waves launched on t h e  beam. After  passing through t h i s  
d r i f t  space the  beam passes through an output microwave coupler (E) and goes 
t o  t h e  collect ,or  assembly (3'). The co l l ec to r  assembly includes the  pinhole 
beam analyzer used i n  our previous experiments. A suppressor g r i d  t o  suppress 
t h e  secondary e lec t rons  from the  c o l l e c t o r  has been introduced. The mic~owave 
/ 
couplers (c,E) , the  d r i f t  cy l inder  (D) and the  c o l l e c t o r  assembly (F) a r e  held 
i n  t h e i r  place by th ree  s l o t t e d  ceramic tubes which a l s o  a c t  a s  guides f o r  the  
coax ia l  probes, Each probe is capable of 2 inches of a x i a l  movement s o  t h a t  
the  e n t i r e  6-.inch d r i f t  length  can be scanned with the  help of the  th ree  
probes. The probe movement i n  vacuum i s  accomplished through t h e  use of 
bellows and pulleys and i s  motorized. 
3.3 for the Next Period. The experimental se tup  described above 
P -
w i l l  be used f o r  t h e  study of d ispers ion  c h a r a c t e r i s t i c s  and possible 

i n s t a b i  l i t i e s  of she  cyc lo t ron  harmonic waves, The v e l o c i t y  analyzer  w i l l  
be used t o  o b t a i n  more information about t h e  beam v e l o c i t y  d i s t r i b u t i o n .  A 
d i g i t a l  computer program i s  under p repa ra t ion  t o  o b t a i n  more p r e c i s e  i n f o r -  
mat ion  about t h e  conversion cha rac t e r  i s  t i c s  of t h e  corkscrew device .  
4. Paramagnetic Ma te r i a l s  f o r  Mi l l imeter  - and Submillimeter-Wave Detec t  ion  
- -- - -
Supervisor:  G. I. Haddad 
S t a f f :  C. F. Krumm 
4 .1  In t roduc t ion ,  The work on t h i s  phase of t h e  program has been 
- - 
eomplcted and a t e c h n i c d  r e p o r t  on t h e  r e s u l t s  of t h i s  s tudy i s  now be ing  
prepared. The a b s t r a c t  of t h i s  r e p o r t  appears  below. This w i l l  a l s o  b e  M r .  
Krumm's Ph.D. d i s s e r t a t i o n .  
4.2 Abs t r ac t  of Forthcoming Technical  Report.  "The purpose of t h i s  
- -- 
s tudy  i s  t o  i n v e s t i g a t e  t h e  u s e  of paramagnetic ma te r i a l s  f o r  downconversion 
of mi l l ime te r -  and submillimeter-wave r a d i a t i o n  t o  microwave f requencies .  The 
conversion scheme s t u d i e d  here  u t i l i z e s  t h r e e  energy l e v e l s  a s soc i a t ed  wi th  
t h e  ground s t a t e  of t he  paramagnetic ma te r i a l .  Two of t h e s e  l e v e l s  a r e  
separa ted  by a microwave frequency and two by a millimeter-wave frequency,  
Power app l i ed  a t  t h e  millimeter-wave frequency causes t h e  s p i n  popula t ion  t o  
r e d i s t r i b u t e  i t s e l f  among the  l c v e l s  and causes a corresponding change i n  
t h e  power absorbed a t  t h e  microwave frequency. The o v e r a l l  e f f e c t  i s  tha t ,  
changes i n  t h e  millimeter-wave power l e v e l  cause corresponding changes i n  t h e  
microwave power absorp t ion .  
eq The I downconversion process  i s  analyzed us ing  a microscopic approach. 
The r e s u l t s  of t h i s  a n a l y s i s  i nd ica t e  t h a t  t h e  downconversion l o s s  i s  
minimized when t h e  microwave input  power approaches t h e  s a t u r a t i o n  l e v e l .  
Under t h e s e  condi t ions  t h e  microscopic conversion l o s s  approaches t h e  
fundamental l i m i t  which i s  t h e  r a t i o  of t h e  microwave frequency t o  t h e  
millimeter-wave frequency. The response time of the  downconverter i s  a l s o  
shown t o  improve with increasing microwave power input .  Both of these  
p red ic t ions  have been v e r i f i e d  experimentally. 
 he microscopic r e s u l t s  a r e  used t o  develop an equivalent  c i r c u i t  
f o r  the  downconverter. This c i r c u i t  i s  used t o  analyze t h e  downconverter 
performance. The dependence of t h e  conversion l o s s  on mismatch, frequency 
and magnetic f i e l d  tuning, and s a t u r a t i o n  i s  determined. The minimum de tec tab le  
millimeter-wave input  power when a given type of microwave rece ive r  i s  employed 
i s  a l s o  evaluated. It i s  shown t h e o r e t i c a l l y  and has been v e r i f i e d  exper i -  
mentally t h a t  t h e  minimum de tec tab le  power exh ib i t s  a minimum a s  a funct ion  
of the  microwave input power l e v e l .  
"An experimental program was undertaken t o  demonstrate t h e  f eas  ib  i l i t y  
of using downconversion a s  an a l t e r n a t i v e  t o  d i r e c t  de tec t ion  a t  mil l imeter-  
and submillimeter-wave frequencies.  Using iron-doped r u t i l e  a s  t h e  conversion 
medium, downconversion has been achieved a t  both l i q u i d  n i t rogen and l i q u i d  
helium temperatures. The experimental performance of t h i s  device is  i n  
sub s t a n t  i a l  agreement with the  t h e o r e t i c a l  p red ic t  ions. Terminal t o  te rminal  
conversion losses  as  low a s  15 dB were observed a t  l i q u i d  helium temperatures. 
The observed response times were on the  order  of milliseconds a t  4 . 2 " ~  and 
t ens  of microseconds a t  7T°K. The noise equivalent  power observed i n  these  
i n i t i a l  experiments ind ica tes  t h a t  the  s e n s i t i v i t y  of t h i s  device is comparable 
t o  t h a t  of a video de tec to r .  The major port ion of the  work was c a r r i e d  out  
a t  35 GHz where equipment was ava i l ab le .  The microwave s i g n a l  is a t  9 GHz. 
The measured noise equivalent  power on the  present  system was approximately 
-70 dBm. By proper design of t h e  system t h i s  can be reduced t o  approximately 
-90 dBm. " 
4.3 Program f o r  t h e  Next Period.  A new scheme which u t i l i z e s  f o u r  
- ---
energy l e v e l s  i n s t e a d  of t h r e e  where some of t h e  l i m i t a t i o n s  i n  t h e  t h r e e - l e v e l  
scheme can be e l imina ted  w i l l  be i n v e s t i g a t e d .  This w i l l  be descr ibed  i n  d e t a i l  
i n  t h e  next  r e p o r t .  
5. Bulk Semiconductor Ma te r i a l s  f o r  Mi l l imeter -  and Submillimeter-Wave 
- - - - - 
Detec t  ion  
-
Supervisor:  G. I. Haddad 
S t a f f  : I. I. Eldumiat i 
This p a r t  of t h e  program is  concerned wi th  t h e  p r o p e r t i e s  of bu lk  
semiconductor m a t e r i a l s  which a r e  s u i t a b l e  f o r  app l i ca t ions  i n  t h e  mi l l imeter -  
and submillimeter-wave reg ions .  Cavity pe r tu rba t ion  techniques us ing  f i e l d  
theory  and equ iva l en t  c i r c u i t  ana lyses  a r e  being used f o r  t h i s  purpose. 
The f i e l d  theory  approach was o u t l i n e d  i n  t h e  l a s t  ogress  r e p o r t .  
An equ iva l en t  c i r c u i t  of t h e  bulk  m a t e r i a l  i n  a  r e e n t r a n t  c a v i t y  
was developed. The equ iva l en t  c i r c u i t  was used t o  express  t h e  frequency s h i f t  
and t h e  change i n  t h e  coupling f a c t o r  of t h e  c a v i t y  a s  a  func t ion  of  t h e  
m a t e r i a l  and t h e  c a v i t y  parameters.  This model is  be ing  used t o  s tudy  t h e  
m a t e r i a l  i n t e r a c t i o n  wi th  e l e c t r i c  and magnetic f i e l d s  a s  a  f u n c t i o n  of 
temperature.  A computer program has been w r i t t e n  t o  s tudy  t h e  coupl ing  
problem, t h e  optimum ope ra t ing  po in t s  and t o  i n t e r p r e t  tk experimental  
r e s u l t s .  
A new experimental  c a v i t y  system was designed and i s  be ing  construc.t;ed. 
This s e tup  w i l l  e l imina te  a l l  coo l ing  problems and provide means t o  change 
t h e  coupling t o  t h e  c a v i t y  a t  X-band and h igher  f requencies .  It a l s o  al lows 
t e s t i n g  of t h e  f e a s i b i l i t y  of t h e  d e t e c t i o n  scheme ou t l i ned  i n  Semiannual 
Progress  Report No. 3. 
I n  the  next  per iod  t h e  t h e o r e t i c a l  i n v e s t i g a t i o n  of t h e  complex 
dielectric cons tan t  and i t s  dependence on temperature,  e l e c t r i c  and magnetic 
f i e l d s  w i l l  be continued. Experiments a t  X-, Ku- and E-bands w i l l  be c a r r i e d  
out  a t  l i q u i d  n i t rogen and l i q u i d  helium temperatures. The f e a s i b i l i t y  of 
millimeter-wave de tec t ion  i n  InSb w i l l  be t e s t e d .  
6. - Millimeter-Wave Gunn-Effect Devices 
-- 
Supervisor: W. R .  Curt ice 
S t a f f :  J. J. P u r c e l l  
6 .1 - Introduction.  I n  the  l a s t  r e p o r t  a  phenomenological r a t h e r  than 
microscopic ana lys i s  of t h e  ISA-mode Gunn e f f e c t  i n  gallium arsenide was 
described.  Solut ions  f o r  bulk negative conductivi ty,  including energy 
re laxa t ion  e f f e c t s ,  were obtained and the  r e s u l t s  were shown t o  be compatible 
with those of other  workers. The analys is  assumed a uniform f i e l d  d i s t r i -  
but ion  throughout t h e  semiconductor whereas i n  a  p r a c t i c a l  device, f i e l d  
nonuniformity may be caused by an accumulation of c a r r i e r s  or by a permanent 
nonuniformity i n  donor doping dens i t y  . 
The most bas ic  space-charge i n s t a b i l i t y  i s  a  pure accumulation l aye r .  
High-velocity, low-field c a r r i e r s  on the  cathode s i d e  feed  the  negative 
charge layer ,  while low-velocity e l ec t rons  on t h e  anode s i d e  i n h i b i t  charge 
deple t ion .  This convectively amplifying space-charge per turbat ion  w i l l  occur 
even i n  the  case of a  pe r fec t  c r y s t a l  due t o  the  f i e l d  gradient  a t  the  
c r y s t a l ' s  cathode in te r face .  I n  addit ion,  l o c a l  per turbat ions  i n  the  
negative-conductivi ty region w i l l  g ive r i s e  t o  growing high- and low-field 
doma ins .  
The e f f e c t s  of a  t r a v e l i n g  charge accumulation layer  and a dynamic 
high-f i e l d  domain have been incorporated i n t o  t h e  theore t  i c a l  model. The 
model i s  described b r i e f l y  and r e s u l t s  of ca lcula t ions  f o r  a  few s p e c i f i c  
cases a re  discussed. 
6.2 - Dynamic Accumulation Layer. The analys is  previously reported 
showed t h a t  by t ak ing  a s u f f i c i e n t l y  l a r g e  number of d i s c r e t e  time i n t e r v a l s ,  
a closed-loop so lu t ion  could be obtained f o r  t h e  average e lec t ron  d r i f t  
ve loc i ty  as  a funct ion  of the  c y c l i c  e l e c t r i c  f i e l d  va r i a t ion .  The c r y s t a l  
is now considered t o  be divided i n t o  two sec t ions  by a t h i n  accumulation l a y e r  
a s  indica ted  i n  Fig. 6,1. The average e lec t ron  v e l o c i t i e s  a r e  ca lcu la ted  f o r  
both the  cathode and anode sec t ions  a s  the  accumulation l aye r  d r i f t s  through 
the  c r y s t a l .  Charge growth or  decay i s  determined by so lu t ion  of Poisson's  
equation, the  equation of con t inu i ty  and the  t o t a l  device voltage.  Af te r  
adding the  conduction and displacement cu r ren t s  i n  e i t h e r  of the  sec t ions ,  
values of conductance, susceptance and e f f i c i ency  a r e  obtained by Fourier  
ana lys i s  of the  t o t a l  device cu r ren t .  I n  Fig.  6,2, the  d r i f t  ve loc i ty  f o r  
each sec t ion  of a 50 pm c r y s t a l  i s  shown a s  a funct ion  of e l e c t r i c  f i e l d  f o r  a 
dc b i a s  f i e l d  of 10 k ~ / c m  and an RF f i e l d  of 7.7 k ~ / c m  a t  7 GHz. The dashed 
and continuous curves represent  the  path followed i n  the  anode and cathode 
sec t ions ,  respect ive ly .  
I n  order  t h a t  the  s o l u t i o n  should be cyc l i c ,  it is e s s e n t i a l  t h a t  the  
accumulation layer  be completely quenched during the  RF cycle.  A parameter 
which contro ls  the  growth and decay of the  accumulated charge i s  the  r a t i o  
of c a r r i e r  densiry t o  frequency, n o / f  By ca lcu la t ion  over a wide range of 
frequencies,  lengths  and doping dens it ies ,  minimum values of no/f were 
determined, These values l ay  wi th in  the  l i m i t s  est imated by copeland' f o r  
poss ib le  I S A  operat ion.  
6,3 - Dynamic- Formation. Following the  inc lus ion of an 
accumulation l aye r  i n  the  model, a t t e n t i o n  was d i rec ted  t o  studying t h e  
e f f e c t  of a small  notch i n  the  background donor dens i ty .  The e l e c t r i c  f i e l d  
p a t t e r n  assumed i s  shown i n  Fig. 6.3. Solut ion  of a d i f f e r e n t i a l  equation 
I. Copeland, J. A,, "LSA Oscillator-Diode Theory," J. - A*. Phys., vol .  38, 





FIG. 6 . 1  ELECTRIC FIELD CONFIGURATION IN THE MODEL CRYSTAL 
SHOWING THE ANODE, CATHODE AND THRESHOLD FIELDS; 
EA, EC AND ETH, RESPECTIVELY. 
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FIG. 6.3 ELECTRIC FIELD CONFIGURATION IN THE MODEL CRYSTAL 
WITH A HIGH-FIELD DOMAIN INCLUDED. 
derived from Poisson's equation and the  cont inui ty  equation, including 
d i f fus ion,  yielded a value f o r  the  i n i t i a l  domain voltage corresponding t o  a 
p a r t i c u l a r  doping notch. A s  t he  f i e l d  i n  the  anode sec t ion  exceeds threshold,  
the  domain voltage grows a t  an exponential  r a t e  determined by the  slope of the  
v-E curve. For l a r g e r  domain voltages, t h e  growth r a t e  is determined by t h e  
i n t e g r a l  expression of ~urokawa' ( E ~ ,  4), which describes domain growth and 
decay. The domain continues t o  grow u n t i l  t he  outside f i e l d  f a l l s  below 
threshold  and domain quenching occurs. 
As the  domain voltage increases,  s o  does the  domain width as  shown by 
Butcher e t  When the  domain width f i l l s  the  anode sec t ion ,  the  device can 
no longer be an LSA o s c i l l a t i o n ,  and some other  mode of o s c i l l a t i o n  may 
r e s u l t .  !This condit ion imposes a maximum l i m i t a t i o n  on the  value n / f .  
0 
- 6.4 Theore t ica l  Resul ts .  Figure 6 .4  shows e f f i c i ency  as  a funct ion  of 
n /f f o r  a b i a s  f i e l d  of 10 k~/cm, a c r y s t a l  length of 50 pm and a doping 
0 
dens i ty  of 1oL5/cm3. Two cases a r e  shown, corresponding t o  1 and 3 percent 
doping dens i ty  notches, 2 Pm i n  length.  
Values of no/f l e s s  than  t h e  lower l i m i t s  indica ted  on the  curves would 
leave an unquenched accumulation of charge a t  t h e  end of the  RF cycle, whereas 
too  l a rge  an no/f value causes the  domain t o  grow t o  a width exceeding the 
anode sec t ion  of t h e  c r y s t a l .  As t h e  RF e l e c t r i c  f i e l d  i s  increased, t h e  
permissible n /f range i s  extended but  e f f i c i ency  i s  reduced. A 3 pcrcent  
0 
doping f l u c t u a t i o n  i s  probably l e s s  than i s  normally present  i n  any c r y s t a l .  
2.  Kurokawa, K. ,  "The Dynamics of High F ie ld  Propagating Domains i n  Bulk 
Semiconductors," B e l l  -System Tech. -c-, vol. XLVI, No. 10, pp. 2235-2259, 
December 1967. 
3. Butcher, P. N.,  Fawcett, W.  and Ogg, N. R. ,  "Effect  of F i e l d  Dependent 
Diffusion on Stable  Domain Propagation i n  t h e  Gunn ~ f f e c t , "  B r i t .  - -  J. 
Appl-. w., vol. 18, No. 6, pp. 755-759, June 1967. 
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FIG. 6.14 EFFICIENCY AS A FUNCTION OF no/f FOR VARIOUS VALUES OF RF 
F I E L D .  D c  B I A S  I S  10 k~/cm, DOPING DENSITY IS  1015/cm3 AND 
THE CRYSTAL IZNGTH IS  50 pm. THE CURVES ARE PLOTTED FOR 
DOPING FLUCTUATIONS O F  1 AND 3 PERCENT. 
Tn o rde r  t o  opera te  t h e  device a t  higher  doping f l u c t u a t i o n s ,  a l a r g e r  dc 
b i a s  i s  necessary.  
6.5 - Experimental Study. During t h i s  per iod,  a microwave c i r c u i t  was 
designed and cons t ruc t ed  f o r  ope ra t ion  of ga l l ium a r sen ide  devices  i n  Ka-band 
(26-40 GHZ). The device  is  contac ted  by a bellows so ldered  t o  a c e n t r a l  
copper pos t  i n  t h e  E-plane of a n  ~ ~ 1 9 6 ~  r ec t angu la r  waveguide. Dc b i a s  is 
provided through a n  OSM connector wi th  a n  RF choke which touches t h e  oppos i te  
s i d e  of t h e  device.  Tuning of t h e  c i r c u i t  i s  accomplished by an a d j u s t a b l e  
s h o r t  c i r c u i t  behind t h e  c r y s t a l  mount and an E-H tune r  between t h e  mount 
and t h e  load.  
Prel iminary t e s t s  have produced 2 mW of power a t  24 GHz us ing  a 
commereially packaged 10.5 pm device,  and 0 ,2  mW a t  37 GHz wi th  unpackaged 
e p i t a x i a l  m a t e r i a l  of 20 pm length .  
6.6 - Conclusions. The t h e o r e t i c a l  model has been completed and 
i n i t i a l  c a l c u l a t i o n s  show t h a t  it does p r e d i c t  a r e s t r i c t e d  range of 
permiss ib le  values of n /f f o r  LSA-mode operat ion.  The Ka-band c i r c u i t  f o r  
0 
LSA t e s t s  was operated a t  24 and 37 GHz and should prove u s e f u l  f o r  c o r r e l a t i n g  
the  t;ht?oret.ical r e s u l t s  w i th  experimental  t e s t s .  
6-7 - Program f o r  t h e  Next Period.  I n  t h e  next  per iod,  MA-mode 
---
c a l c u l a t i o n s  w i l l  be  made f o r  a wide range of parameters s o  t h a t  optimum 
ope ra t ing  condit ions may be p red ic t ed  f o r  millimeter-wave power genera t ion .  
7. - Analysis  of Avalanche-Diode O s c i l l a t o r s  -- 
Supervisor:  R, J. Lomax 
S t a f f :  M. S. Gupta 
7 . 1  In t roduct ion .  The ob jec t ive  of t h i s  phase of t h e  i n v e s t i g a t i o n  
P 
is  t o  analyze a r e a l i s t i c  model of avalanche microwave diodes which would 
expla in  some experimental observations and would l ead  t o  a b e t t e r  under- 
s tanding of avalanche-diode o s c i l l a t o r s .  A s  described i n  the  l a s t  progress 
r epor t ,  t he  assumptions made e x p l i c i t l y  o r  i m p l i c i t l y  i n  the  various analyses 
of avalanche-diode o s c i l l a t o r s  performed s o  f a r  were c r i t i c a l l y  examined. It 
was found t h a t  while c e r t a i n  assumptions made i n  t h e  o r i g i n a l  analys is  of  
Read regarding the  width of t h e  avalanche region, the  magnitude of the  
ioniza t ion  r a t e  and t h e  shape of t h e  doping p r o f i l e  have been abandoned i n  
favor of more r e a l i s t i c  assumptions i n  subsequent analyses, some of the  more 
bas ic  assumptions have perpetuated which may be expected t o  have s i g n i f i c a n t  
influence on t h e  r e s u l t s .  
A l l  published analyses requi re  the  voltage across t h e  semiconductor 
wafer t o  be  s p e c i f i e d  and proceed from t h e r e  t o  c a l c u l a t e  the  diode cur ren t  by 
solving the  c a r r i e r  t r anspor t  equations. One usua l ly  assumes a s inuso ida l  
voltage, o r  a superposi t ion of more than one s inuso ida l  voltage, while t h e  
ca lcu la ted  current  has a l a rge  number of frequency components. Requiring 
self-consistency,  one is l e d  t o  assume t h a t  t h e  c i r c u i t  ( including package) 
impedance i s  zero  a t  a l l  f requencies other  than t h a t  (or  those)  a t  which the  
voltage was assumed t o  be present  i n i t i a l l y .  Such an assumption seems 
undesirable f o r  two reasons: (1) The admittance of t h e  diode a t  one frequency 
is a f fec ted  s t rong ly  by the  presence of o ther  frequencies. '  (2) Higher 
e f f i c i e n c i e s  a r e  a t t a i n a b l e  by in ten t iona l ly  making t h e  c i r c u i t  resonant 
a t  more than one frequency, 2 
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7.2 - Analysis .  An e n t i r e l y  novel method was used t o  so lve  f o r  t h e  
vol tage  ac ros s  t h e  diode and t h e  c u r r e n t  through it i n  a  s e l f - c o n s i s t e n t  
manner. C i r c u i t  parameters were measured f o r  some a c t u a l  avalanche-diode 
c i r c u i t s  and the  c i r c u i t  admittance was c a l c u l a t e d  over a  wide frequency range 
(from l e s s  t han  80 MHz t o  above 20 GHZ), assuming t h e  absence of higher-order  
modes i n  t h e  coax ia l - l i ne  c i r c u i t .  Then t h e  c a r r i e r  t r a n s p o r t  equat ions  f o r  
a  Read model of t h e  diode3 were solved i n  an  i t e r a t i v e  manner r e q u i r i n g  t h e  
vol tage  and c u r r e n t  f o r  t h e  diode t o  be r e l a t e d  t o  each o the r  through t h e  
c i r c u i t  admittance . 
7.3 Conclusions. It was found t h a t  t h e  waveform of t h e  vol tage  ac ros s  
-- 
t h e  diode i s  s t r o n g l y  dependent upon t h e  c i r c u i t  connected ac ros s  t h e  d iode .  
The e f f e c t  can be expla ined  i n  terms of admittance plane p l o t s  f o r  t h e  
c i r c u i t s ,  A s epa ra t e  r e p o r t  on t h i s  p o r t i o n  of t h e  work i s  p re sen t ly  be ing  
prepared. 
7.4 Program f o r  t h e  Next Period. A few computer runs  w i l l  be made to 
- ----
f i n a l i z e  t h e  r e s u l t s  of t h i s  p a r t  of t h e  work f o r  incorpora t ion  i n t o  a  
t e c h n i c a l  r e p o r t .  
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